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The outer membrane of E,'cherichia coli is a diffusion barrier for maeromoleeules, but allows the passage of small hydrophili¢ solutes through 
non-specific channels, the porins. Some ¢lcctrophysiological studies find reconstituted porins in a mostly open state, while those done with the 
patch-claml~ technique performed on live cells uggest that he vast majority of the native channels are closed. We present here current measurements 
through poring from reconstituted outer membrane, which demonstrate that bacterial metabolites, the MDO's, which bathe the periplasmi¢ side 
of the outer membrane, induce the channels to close. These findings illustrate that the degree of openess of porins can be regulated by compounds 
naturally found in bacteria. 
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1. INTRODUCTION 
Membrane-derived oligosaccharides (MDO's) from 
Escherichia coli are heterogeneous polymers of glucose 
which differ in the size of the sugar backbone, as well 
as in the amount of substitution with phosphoetha- 
nolamine, phosphoglycerol and succinyl ester residues, 
the latter two substituents conferring to the molecule a
net negative charge [1]. Biosynthesis of MDO is initiated 
at the cytoplasmic side of the inner membrane and com- 
pleted at its external side, resulting in the release of 
soluble polymers into the periplasmic space between the 
outer and inner membranes. The regulation of MDO 
synthesis by the medium osmolarity is documented [1- 
3], although its mechanism is still unknown. High 
periplasmic oncentrations of MDO's are found in cells 
growing in low osmolarity medium, and may play a 
significant role in osmotic adaptation by reducing the 
turgot pressure exerted against the inner membrane. 
Low periplasmic oncentrations of MDO reflect high 
osmolarity medium. Because of their large size, the 
MDO molecules are essentially trapped in the peri- 
plasm, unable to diffuse outside through the porins. As 
fixed negative charges, they are the major contributors 
to the Donnan potential established across the outer 
membrane [2,4]. Since their concentration varies with 
osmolarity, a range of potentials is generated across the 
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outer membrane depending on the external conditions 
[31. 
We have performed electrophysiological studies of  a 
wild-type strain ofE. coli and have described a channel, 
which is absent in mutants lacking the major porins 
OmpC and OmpF. This channel is similar to OmpC in 
cation-selectivity, high probability of being open, coop- 
crative opening and closing, voltage-dependent closing 
frequency [5,6]. This channel is observed in outer mem- 
brane fractions reconstituted into liposomes and, less 
frequently, in spheroplasts and giant cells [7]. For these 
reasons, we believe that it represents a protein of the 
perth family, possibly the heterotrimers of OmpC and 
OmpF previously described [8]. The work presented 
here demonstrates that a preparation of MDO from E. 
coli acts as a blocker and a regulator of this porin chan- 
nel activity, at concentrations which can be found in the 
periplasmic space under conditions of low external os- 
molarity. This finding points to a new mechanism of 
modulation of outer membrane permeability, which 
might be of importance for cell survival in a stressful 
environment. 
2. MATERIALS AND METHODS 
Outer membrane of E. coli wild-type AW740 [91 was purified by 
sucrose gradient eentrifugation a d reconstituted into liposomos as 
described [10]: bacterial membrane fractions were mixed with ex- 
ogenous lipids (azolectin (Sigma)) at a protein-to-lipid ratio of at most 
1:600 and giant artiticial liposomes were made by submitting, these 
combined fractions to a dehydration-rehydration cycle overnight. 
Previous studies [5.7,10] have shown that bacterial channels, including 
porins, reconstituted with this dehydration-rehydration method have 
conserved their native properties. Measurement of porin activity was 
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performed with the elcctrophysiological technique of patch-clamp 
[11], This technique allows the measurement of the current flowing 
through individual channel-proteins. Each gating event (opening fol- 
lowed by closing, or vice versa) is represented on a recorded trace as 
a squared-shape d flection in the measured current. Our recordings 
were made from inside-out patches formed by pulling away the pipette 
from the liposomes and excising a small area of membrane such that 
the periplasmie side of the outer membrane is facing the bath solution, 
Because the native asymmetric voltage dependence of the channels i
preserved in the liposomes [5.7], we know the orientation of the chan- 
nels and can assign pipette side as outside, The membrane potentials 
are expressed here as cellular potentials, i e. their signs are given with 
respect o the side of the membrane ormally facing the outside of the 
cell (which in this ease is facing the pipette interior), Hence, positive 
voltages are referred to as depolarizing, and negat!ve voltages are 
hyperpolarizing. 
To study the modulation of the channels we have perfused the 
periplasmic side of the patches with a solution of unfractionated 
MDO's, which we call the crude MDO fraction. This fraction was 
prepared from E. coli by extraction of the cells with 50% ethanol and 
fractionation of the concentrated water-soluble extract on Biogel P6 
[12], The crude MDO fraction is collected from this chromatography 
as a peak of intermediate molecular weight. The concentrations used 
were calculated on the basis of an average molecular weight of 2,300. 
3. RESULTS 
The typical activity pattern of the porin channel in 
control condition is shown in the top trace of Fig. 1. 
Many channels are open at the same time. Frequent 
brief closures of 1 channel, which at this time resolution 
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Fig, 1, Current races at low time resolution of porin activity in the 
absen~ of MDO (top trace) and at the indicated MDO concentrations 
applied to the bath. The membrane potential was +80 inV. Both bath 
and pipette solutions contain 150 mM KCi. 0.1 mM EDTA, 0.01 mM 
CaCI~ and 5 mM HEPES, pH 7.2. The level where all the channels are 
open is labelled 'open'; the other levels, indicated by tick marks, 
correspond to the closure of I or more units of conductance simulta- 
neously. 
appear as a thick baseline, are interspersed by coopera- 
tive closures of many channels. Because we cannot as- 
certain whether these closing events are produced by 
individual channels or substates of one (or a few) large 
channel(s), we prefer to refer to each event as the closure 
of N units of  conductance [5]. The number N of units 
of conductance which close and re-open cooperatively 
to give rise to a given observed event is calculated as the 
ratio of the current amplitude of the observed event o 
the current amplitude of the smallest event taken as 
unity (single-channel current) [5]. The subsequent traces 
of Fig. 1 show that the addition of increasing concentra- 
tions of the crude MDO fraction to the periplasmic side 
of the channel increases the frequency of closing of all 
units. The traces, displayed at a low time resolution, 
most dramatically emphasize the increased trequeney of 
closures of multiple units of  conductance. When the 
concentration of MDO is high enough, for example at 
5 and 13 raM, prolonged closures of 3 or 4 units are 
observed, which can have a major impact on reducing 
the total amount of charges carried through the outer 
membrane. The overall effect of the MDO on the chan- 
nel gating properties i rapid in its onset and reversibil- 
ity, and has been observed in 10 separate patches. 
The traces of Fig. 2 are displayed on an expanded 
time scale to illustrate the detail of the increased closing 
activity. At +80 mV, the number of closures of 1 unit 
of conductance is dramatically increased but their aver- 
age duration decreases from 1.2 ms in the control to 
0.25 ms at 20 mM MDO. At high concentrations of
MDO, most l-unit events are spikes lasting for less than 
0.4 ms, but larger events, especially those corresponding 
to the cooperative closure of  4 units, are lengthened, as 
well as more frequent. At +80 mV, the proportion of 
4-unit closures lasting for more than 1 s goes from 33% 
at 0 mM MDO to 95% at 9 mM MDO. This effect is 
more pronounced at depolarizing voltages than hyper- 
polarizing ones. 
Similarly, the amount of  current passing through a 
single channel at a defined voltage decreases with in- 
MO_.R 
" - -  7c Jo J~ 
~.S m~ 
Fig, 2, Current ~ces a¢ high time resolution of porin activity from 
the same patch as in Fig, I at 0 and 9 mM MDO. The membrane 
potential was again +80 inV. The bath and pipette solutio.~s are the 
same as in Fig. 1. 
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Fig. 3. MDO concentration-dependence of single channel current at 
the indicated voltages, By convention, the current (positive charges) 
flowing out of the cell has a positive sign, and the current flowing into 
the cell has a negative sign. 
1.500 
.e ~ 000 
2 
500. 
o 
creasing MDO concentrations (Fig. 3). The single-chan- 
nel current was measured from events lasting longer 
than 0.3 ms, which is the resolution time of our equip- 
ment. Any event lasting less than 0,3 ms is considered 
as unresolved and not taken into account. The steepness 
of the con~ntration dependen~ is increased at more 
depolarized voltages, but the effect is negligible at hy- 
perpolarizing ones. 
The modulation of porin gating is represented by 
plotting the frequency of closures vs. each concentra- 
tion of MDO tested. Fig. 4 depicts the results of 1 out 
of 5 experiments with similar concentration dependen- 
cies. Each bar of  the histograms represents the fre- 
quency of closures at concentrations of MDO increas- 
ing from left to right. It is clear that closing is promoted 
in a voltage- and con~ntration-dependent fashion. The 
effect is negligible at -50 mV, or at any other hyperpo- 
iarizing voltages (data not shown). Note that very large 
events, simultaneous closures of more than 4 units, are 
observed only at high MDO concentrations and volt- 
ages of at least +50 inV. 
In order to find out more about the nature of the 
regulation of the gating activity, we performed the fol- 
lowing experiments (data not shown). (i) We tested a 
'cocktail' of negatively-charged low-molecular weight 
compounds which mimic the ionic content of the crude 
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Fig. 4. Concentration-dependence of the closure-promoting activity of MDO on the channel. Each bar of the histograms represent the number 
ofcZosurcs per 20 s. The MDO concentrations, indicated by six tick marks below the X axis, are, from left to right: 0, I, 5, 9, 13 and 20 raM. The 
"unit #'  re~'ers to the number of units which closed cooperatively. The absence of a bar means that no event of that size was detected. 
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phosphate and sodium succinate was without effect, 
while I mM of the crude MDO fraction had a reversible 
activation of the closing activity in the same patch. (ii) 
An MDO fraction enriched in MDO molecules carrying 
mostly anionic substituents (fraction C) [13] as well as 
other anionic polymers uch as heparin (MW 3,000) and 
dextran sulfate (MW 5,000 and 8,000) were also ineffec- 
tive. (rid However, 5 mM phosphoethanolamine - 
creased the frequency of closing of single and multiple 
units of conductance, in a fashion qualitatively similar 
to that of the crude MDO fraction (C. Cui, personal 
communication). This suggests that it may be the MDO 
molecules carrying phosphoethanolamin¢ residues, per- 
haps as a zwitterionic form at the low pH presumed to 
exist in the periplasm, which are the active principle of  
the crude MDO fraction. 
4. DISCUSSION 
This study provides evidence that the porin channels 
of  the E. coil outer membrane can be down-modulated 
by cellular metabolites. This inhibition is seen at con- 
centrations of MDO which are physiologically relevant. 
At low medium osmolarity, concentrations of up to 20 
mM MDO are not uncommon [3]. Taken all together, 
the results uggest that the effect of MDO's on the porin 
channel might be complex. It seems to involve a partial 
and voltage-dependent block of the ionic flow which 
results in a decrease in the mean closed time of l-unit 
events (fast flickering of  the current in the open-channel 
state) and a MDO-concentration dependent decrease in 
single.channel conductance. Similar effects of blocking 
agents on various types of eukaryotic hannels have 
been reported [14]. That MDO reduces the conductance 
suggests that the interaction is fast and intimate, either 
by physical occlusion or preventing access, and would 
involve binding of MDO to some site(s) at or within the 
mouth of the channel. The finding that the eooperativity 
of gating is enhanced in the presence of  MDO's points 
to possible allosteric effects as well, following binding 
of the MDO molecules to the channel or the surround- 
ing lipids. These observations point to a specific effect 
of MDO on the porin channels, although they do not 
completely rule out the possibility that other periplas- 
mic components which might be present in the crude 
MDO fraction contribute to the regulation of  the chan- 
nel as well. Further studies of the effect of various MDO 
and non-MDO tractions issued from the crude MDO 
fraction will be useful at clarifying this point, 
The effect is seen at transmembrane voltages which 
are opposite to the Donnan potential established across 
the outer membrane in vice as a result of the presence 
of  MDO's (negative inside). This depolarization (posi- 
:i,Je inside) of the outer membrane could arise - perhaps 
transiently - when cells, which have been adapted to a 
low osmolarity medium and which have accumulated 
MDO's in their pcriplasm, are suddenly facing a high- 
salt medium. The resulting rush of positive charges into 
the periplasm could be quenched by the voltage- and 
MDO-dependent closure of the porins. This decrease in 
outer membrane permeability would serve as a rapid 
defense mechanism while the cell initiates the appropri- 
ate and slower egulation mechanisms for adaptation to 
high osmolarity. 
Purified porins reconstituted in planar lipid bilayers 
are either p~rmanently open [15] or mostly open ~s~th 
voltage-dependent closing at membrane potentials 
which might be non-physiological [16-20]. Along with 
results from permeability measurements of cells to anti- 
biotics and other solutes [21-23], those electrophysiol- 
ogical observations led to the view that the outer mem-  
brane is a static sieve full of permanently open pores. 
We have challenged this view by the simple observation 
that we can form high-resistance seals with pipettes on 
the outer membrane of  live cells and, therefore, con- 
cluded that most of the porins are closed [7]. We do not 
believe that the inhibition ofporins by MDO is respon- 
sible for the low conductivity of the outer membrane 
observed in spheroplasts [7], because (i) the cells are 
grown in rich medium and most likely have very low 
concentrations of MDO and (ii) the pofins remain 
closed when a membrane patch is excised from the 
spheroplast, giving a chance for potential soluble inhib- 
itory factors (such as MDO) to be washed away. How- 
ever, the work presented here confirms our proposal 
that the outer membrane is a dynamic structure whose 
permeability can be controlled. We have identified one 
type of channel regulated by one type of compound 
(MDO); it is not unlikely that other channels of the 
outer membrane might also be modulated by MDO's or 
other periplasmic or external factors. 
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